The ability to acquire a cognitive and motor skill was investigated in 20 older and 20 younger participants using repeated testing on the Tower of Toronto (TT) puzzle, a variant of the Tower of Hanoi. Explicit memory, perceptual priming, and sustained attention were also assessed. Older subjects exhibited a defective cognitive skill performance despite the fact that cognitive skill learning suffered little or no impairment. Poor problem-solving ability, diminished attention, fatigue, defective explicit memory, and meta-cognitive processes were likely to play a limiting role. Factors interfering with the generation of reliable goal structures are likely to prevent cognitive skill learning, giving important cues for future cognitive remediation. D
Introduction
The demonstration of memory deficits in older adults depends on the tasks used (review in Light, 1991) . Adults over 60 perform less well than ones in their twenties on free-recall, cued recall, and recognition tasks. These tasks are called direct ones because instructions at the time of the memory test make direct reference to a target event in the personal history of the subject. Direct tasks should be distinguished from indirect ones, which do not make direct reference to any particular experience but are, nevertheless, influenced by such experience (Richardson-Klavhen & Bjork, 1988) . Most studies have shown that older subjects' performance suffers little or no effect in these indirect tasks (e.g. Howard, 1988; Light & Singh, 1987; Mitchell, Brown, & Murphy, 1990) in conditions where they exhibit a memory deficit in direct tasks.
Skill learning studies of older adults are controversial. Motor skill learning, as assessed with a pursuit rotor task, has been reported to be spared (Durkin, Prescott, Furchgott, Cantor, & Powell, 1995) or impaired (Gutman, 1965; Salthouse & Somberg, 1982; Welford, 1985) . Perceptual motor skill learning has been reported to be spared (Howard & Howard, 1989) or impaired (Harrington & Haaland, 1992) when assessed with a serial reaction-time learning task, spared when assessed with a mirror-reading task (Durkin et al., 1995) , and impaired when assessed with an inverted word-reading task (Hashtroudi, Chrosniak, & Schwartz, 1991; Moscovitch, Winocur, & McLachlan, 1986) or with a mirror-writing task (Wright & Payne, 1985) . Few studies have investigated cognitive skill learning in older adults. Charness and Campbell (1988) , using a task requiring subjects to square two-digit numbers mentally via an instructed algorithm, reported a spared cognitive skill. Performance was analyzed with reference to the Adaptative Control of Thought (ACT*) theory of skill acquisition developed by Anderson (1983 Anderson ( , 1987 . Older adults learned at the same rate as younger ones, even though their calculation speed was about half that of the younger ones.
The ACT* theory postulates that cognitive skill learning comprises two main stages. In the initial stage, subjects solve problems in new domains by applying unspecific problem-solving productions to explicit knowledge they have about this domain. These productions are condition-action pairs that specify that if a certain state occurs in working memory, a particular action should take place. They preexist in the subjects' repertoire and are not linked to any specific domain. They require attention and working memory, making the execution slow, effortful, and relatively inefficient. With practice, productions are progressively adapted to the task at hand, making problem solving more efficient and more reliable. The second stage of learning corresponds to the acquisition of a problem-solving routine through knowledge compilation. This stage corresponds to the development of domain-specific productions. The hypothesis is that compilation involves two complementary processes. One is proceduralization: explicit knowledge, to which the weak-method productions are matched, is converted into domain-specific productions, i.e. procedural knowledge. The problem resolution therefore requires less working memory and attention. Proceduralization is accompanied by a drop out of explicit knowledge, which is no longer needed. The second process is composition: a sequence of individual productions is progressively collapsed into a larger task-specific production and, finally, into a single, coherent production which does the work of the sequence.
In the present study, we investigated the ability of older subjects to acquire a cognitive and a motor skill, as assessed by repeated testing on the Tower of Toronto (TT) puzzle. The TT puzzle is a variant of the Tower of Hanoi which consists of three pegs and four disks of different colours that subjects are required to move according to a limited number of simple rules (Saint-Cyr, Taylor, & Land, 1988) .
Tower tasks also called disk-transfer tasks, represented by the Tower of Hanoi, TT, and Tower of London (Shallice, 1982) , and their variants have become a useful instrument in neuropsychological assessment of cognitive skill learning and frontal-executive disabilities. These tasks have been administered to many populations, including children with attention-deficit hyperactivity disorder (Culbertson & Zillmer, 1998; Pennington, Groisser, & Welsh, 1993) , children having received early treatment for phenylketonuria (Welsh, Pennington, Ozonoff, Rouse, & McCabe, 1990) , cerebellar patients (Grafman, Litvan, Massaquoi, & Stewart, 1992) , brain-damaged patients (Glosser & Goodglass, 1990; Goel & Grafman, 1995) , Huntington's and Parkinson's Disease patients (Butters, Wolfe, Martone, Granholm, & Cermak, 1985; Owen et al., 1995; Saint-Cyr et al., 1988) and schizophrenics (Goldberg, Saint-Cyr, & Weinberger, 1990; Michel, Danion, Grangé, & Sandner, 1998) .
Recently, Brennan, Welsh, and Fisher (1997) , using the Tower of Hanoi task with older adults from a community-dwelling population, have found similar capacities between young adults and elderly adults (mean age: 65) on a three-disk task but differences on a four-disk task. The authors suggested that performance differences between the two groups arise when problem complexity increases because of age-related changes in executive functions. However, as suggested by Goldberg et al. (1990) , the three-disk version might involve problem-solving abilities, whereas the four-disk version might involve procedural learning.
We investigated the component parts of the cognitive skill with reference to the ACT* theory of skill acquisition (Anderson, 1987) . Because it emphasizes the basic problemsolving nature of cognitive skill learning, this theory seems particularly appropriate for investigating TT task performance in terms of cognitive components and processes. According to Michel et al. (1998) , the two dissociable stages described in the TT task -the learning-to-solve stage and the problem-solving routine stage (Danion et al., 1992; Saint-Cyr et al., 1988) -can be identified with the two stages of Anderson's model. The learning-tosolve stage, characterized by the acquisition of progressively more accurate explicit strategies with practice, is likely to correspond to the initial stage of Anderson's model. At the behavioral level, the use of explicit strategies is reflected in long pauses that precede certain moves. Pauses, during which subjects are identifying goals and subgoals and are planning explicitly, are followed by bursts of moves corresponding to the execution of a plan. The TT resolution is slow, less efficient, and smooth. With practice, productions are gradually adapted to the task at hand, making the problem-solving process more efficient and more reliable. A problem-solving routine, corresponding to the second stage of Anderson's model, is gradually acquired. This stage requires that the optimal, or near optimal, solution is found and can be used reliably. It is characterized by stabilization of performance at, or close to the minimum of moves, that is, 15, and by a progressively more automatized, that is, faster, smoother, and effortless execution of the resolution.
On the basis of Charness and Campbell's (1988) study, indicating that there is no agerelated impairment of the two stages described by Anderson's theory, it can be predicted that older adults will be able to acquire a skilled resolution of the TT task at the same rate as younger subjects. Because the TT task and the arithmetic task used by Charness and Campbell are not entirely similar such a prediction may be open to question. There is a potentially important difference between the two tasks: whereas, in the arithmetic task, the subjects are instructed in the successive steps of the algorithm by the experimenter, in the TT task, the successive problem-solving steps and the hierarchical goal structures are generated by the subjects themselves. According to Anderson's theory, knowledge compilation depends critically on the hierarchical goal structures that organize the problem solving and that are generated throughout successive resolutions. Insofar as they are reliably generated, goal structures serve to indicate which parts of the problem solution belong together and can be compiled into a new production. Therefore, it might be hypothesized that the acquisition of problem-solving routine would be impaired if older subjects failed to generate the goal structures reliably.
Failure to generate goal structures could occur as a direct consequence of a severe problem-solving impairment. Presumably, it could also be an indirect consequence of an attentional deficit or of an explicit memory impairment, because generation depends heavily on remembering previously used strategies. Owing to the well-established fact that older adults are less efficient problem solvers than younger ones when dealing with new problems, in particular, the TT task (Charness, 1987) , and/or exhibit an explicit memory deficiency, these considerations suggest that the acquisition of a skilled resolution of the TT could be impaired at least in some older persons. In contrast, if the problem solving or the explicit memory deficiency is not sufficiently severe to prevent the generation of reliable goal structures, there is no reason a priori to believe that skill acquisition will be impaired.
The first aim of our study was to investigate the ability of younger and older adults to acquire a motor and cognitive skill, as assessed by repeated testing on the TT puzzle. The second aim of the experiment was to contrast performance in the TT puzzle to that in a wordstem completion task, an indirect task exploring perceptual priming, and a free-recall task, a direct task exploring explicit memory.
Method

Participants
A group of 20 older adults (mean age 67.0 ± 5.1 years, range 60-79 years) and a group of 20 younger adults (mean age 24.7 ± 2.4 years, range 22-30 years) participated in the study. All subjects gave their informed consent. All subjects had a higher educational level (older adults: 17.6 ± 1.2 years; younger adults: 17.0 ± 0.6 years). The two groups did not differ significantly as regards educational level (t = 1.95, NS) and sex (10 and 8 males in older and younger groups, respectively). Older and younger subjects had no serious medical illness, no history of head trauma or loss of consciousness and no history of neurological or psychiatric disease or alcohol or other substance addiction. They did not take any drug able to cross the blood-brain barrier.
Procedure
A series of memory and cognition tasks were administered to each participant individually.
TT puzzle
The TT puzzle consisted of a rectangular block of plastic 27 cm long, 10 cm wide, and 4.5 cm deep. Three tapered pegs made of plastic were inserted into the base 9 cm apart. Four plastic disks were used, which varied in terms of color: a black, a red, a yellow, and white disk. The TT device was connected to a computer recording each individual move and its timing. It enabled us to distinguish between the cognitive and motor component of moves and therefore to assess cognitive and motor skills separately.
The TT disks were initially arranged on the leftmost start peg with the darkest on the bottom and the lightest on the top. Subjects were required to move the disks from the start peg and reassemble them in the original order on the rightmost ''goal'' peg, obeying the following two rules: only one disk could be moved at a time, and a darker disk could never be placed on top of a lighter one. Subjects were only required to solve the puzzle, no reference being made to completing it in the fewest possible moves or the shortest possible time. They did not receive any information about their performance. They were required to solve three blocks of eight consecutive trials each, with a 30-min hiatus between blocks. Before the first block and after the second block of the task, subjective feelings of fatigue were assessed using visual analogue scales derived from Bond and Lader (1974) .
According to Michel et al. (1998) , performance was assessed using measures reflecting efficiency, speed, smoothness of resolution, and reliability. These variables were the following: Á The number of pairs of successive trials solved using the same strategy in each block, divided by 7, was also calculated. The strategy was identified on the basis of the analysis of individual paths to solution. For each trial and each subject, the path to solution was depicted graphically using a decision tree (Cohen, Eichenbaum, Deacedo, & Corkin, 1985) . Two successive trials were considered as having been solved using the same strategy when paths to solution were identical. This nonoptimal solution reliability index led to the same conclusions as the optimal-solution reliability index, and took into account the fact that some subjects routinize a nonoptimal solution. A progressive increase in efficiency in the initial trials, as measured by a decrease in the number of moves per trial to obtain the optimal solution, and a progressive increase in speed, as measured by a decrease in the average cognitive time per move in a trial, were taken as evidence of learning to solve the puzzle. A high level of efficiency, reliability, speed, and smoothness, as assessed by a low CTV index in the subsequent trials, was taken as evidence of a routine acquisition.
Free-recall and word-stem completion tasks
We used the procedure described by Michel et al. (1998) ; immediately after studying a list of 30 words, subjects underwent the free-recall task, with instructions to remember as many words from the study list as possible. After the free-recall task, subjects were presented with a completion test form which listed all 60 word-stems: the stems of the 30 words presented in the study (old words) were randomly mixed with the stems of the 30 nonpresented words of the other set (new words). Both sets were counterbalanced across subjects.
Other tasks
The task battery included a Digit Symbol Substitution Task (DSST) (Wechsler, 1981) , a backward digit span test (Wechsler, 1945 (Wechsler, , 1987 , a phonemic verbal fluency task(letter S), a category verbal fluency task (four-footed animals), and a symbol cancellation task. This task involved a single page filled with rows of eight different symbols. Subjects were instructed to cross out every instance of the three target symbols, which were indicated at the top of the page. DSST raw score, backward digit span and symbol cancellation performance were taken as measures of speed of processing, working memory, and sustained attention, respectively.
Results
Free-recall and word-stem completion tasks
Free-recall and word-stem completion results are shown in Table 1 . Free-recall performance was significantly lower in the older than in the younger groups. In the word-stem completion task, baseline performance, i.e. the proportion of new words completed, did not significantly differ across the two groups. The proportion of old words completed was significantly lower in the older than in the younger group, indicating that priming task performance was impaired in the older group. In accordance with Russo and Parkin (1993) , to take into account a possible contamination of performance by explicit memory, the priming task performance was also estimated from the proportion of old words completed but not recalled minus the proportion of new words completed. This proportion was not significantly different in the two groups suggesting that the uncontaminated priming performance was not impaired in the older group.
DSST, cancellation, digit span, and fluency tasks
DSST and cancellation task performance is presented in Table 1 . Older participants' performance was significantly lower in the DSST and cancellation task. Backward digit span was also significantly reduced. Performance in fluency tasks (category and phonemic fluency) was not significantly different in the two groups.
TT task
Results are presented in Fig. 1 and Table 2 . Fig. 1 shows that in the younger group, the number of moves to solution, the average cognitive and motor times per move and the CTV index progressively decreased from Block 1 to Block 3, while reliability indices increased (means ± S.D.: 0.17 ± 0.27, 0.43 ± 0.35, and 0.67 ± 0.38 for the optimal solution reliability index in Blocks 1, 2, and 3, respectively). A high performance level was observed in Block 3, indicating that the younger group had acquired a problem-solving routine.
Overall, the older adults' performance was below that of the younger ones. This was observed in all blocks and all variables, other than average motor time per move. Older subjects needed more trials than younger ones to find the optimal solution [12.1 ± 7.8 vs. 6.3 ± 5.35 trials, t = 2.73, P < .001]. The number of rules violations was significantly higher in the older group [6.70 ± 0.95 and 4.10 ± 2.69, t = 2.06, P =.048]. However, despite the lower overall level, older subjects' performance improved with practice in parallel to that of younger ones, providing evidence that both groups learned at the same rate. This description of the results was confirmed by multivariate analyses of variance (MANOVAs) carried out with Bonferroni corrections in each block with performance in each of the eight trials as a repeated measure and groups as a between-subjects factor ( Table 2) . A MANOVA carried out on the number of moves to solution yielded a significant learning effect in Block 1 [ F(2,37) = 5.42, P < .05], a significant group effect in Block 1 and Block 2 [ F(1,38) = 6.39, P < .05; F(1,38) = 7.37, P < .05 in Blocks 1 and 2, respectively] and most important, no significant interaction between learning and groups [ F's(2,37) < 1.28, NS]. A MANOVA carried out on the average cognitive time per move yielded a significant learning effect in Block 1 and Block 2 [ F(2,37) = 9.76, P < .01; F(2,37) = 8.03, P < .05 in Blocks 1 and 2, respectively], a significant group effect in all blocks [ F(1,38) = 8.33, P < .05; F(1,38) = 14.00, P < .01 and F(1,38) = 13.06, P < .05 in Blocks 1, 2, and 3, respectively] and no significant interaction between learning and groups [ F's(2,37) < 1.41, NS]. For the average motor time per move, there was a significant learning effect in Blocks 1 and 2[ F(2,37) = 8.28, P < .01; F(2,37) = 6.16, P < .01 in Blocks 1 and 2, respectively], no significant group effect [ F's(1,38) < 2.91, NS] and no significant interaction between learning and groups [ F's(2,37) < 1.26, NS]. For the CTV index, there was a significant learning effect in Block 1 [ F(2,37) = 6.50, P < .05; F(2,37) = 3.77], a significant group effect in Block 2 [ F(1,38) = 6.95, P < .05], and no significant interaction between learning and groups [ F's(2,37) < .81, NS]. A MANOVA carried out on the optimal solution reliability index (means ± S.D. in the older group: 0.01 ± 0.04, 0.11 ± 0.18, and 0.27 ± 0.37 in Blocks 1, 2, and 3, respectively) yielded a significant learning effect [ F(2,37) = 20.72, P < .001], a significant group effect [ F(1,38) = 14.82, P < .01], and no significant interaction between learning and groups [ F(2,37) = 2.95, NS]. Similar results were observed with the index of optimal and nonoptimal solution reliability (data not shown). Fatigue, as measured by visual analogue scales, was not significantly different in the two groups (Table 1) . Secondary statistical analyses were carried out to investigate the relationship between cognitive variables and performance at the end of the TT task. To separate subjects' subgroups according to their performance at the end of the task, a principal component analysis was first carried out to identify factors that were then used in a hierarchical classification. Performance was measured by averages of the number of moves to solution, cognitive speed, the CTV index in the eight trials of Block 3 and the solution reliability index in Block 3. A stepwise discriminant analysis (Lebart, Morineau, & Warwick, 1984) was used to describe these subgroups using a large number of variables: performance in the different cognitive tasks, fatigue as measured by self ratings before and during the TT task, and problem-solving ability, as estimated at the beginning of the task using the averaged number of moves to solution and cognitive times per move in the initial four trials (Michel et al., 1998) ; an estimate based on four trials was considered more appropriate than one based on only the first or second trial, where performance might be influenced by chance.
The principal component analysis showed that the number of moves to solution and the reliability index were significantly and negatively correlated while the cognitive times per move and the CTV index were significantly and positively correlated. The CTV index was independent of the number of moves to solution (Table 3 ). The hierarchical classification identified two clearly distinct subgroups. One subgroup of 28 subjects was characterized by a df trial effect: (2,37); df group effect: (1,38); df interaction effect: (2,37). * Post hoc comparisons with Bonferroni correction: P < .05. ** Post hoc comparisons with Bonferroni correction: P < .01.
fair performance level in the third block and comprised 10 older adults and 18 younger ones. The performance of these 10 older adults was similar to that of the 18 younger adults. The other subgroup of 12 subjects was characterized by poor performance and comprised 2 younger adults and 10 older ones. A first discriminant analysis was carried out to characterize the subgroups of subjects with good or poor performance. The two subgroups were discriminated by two variables: number of moves in the initial trials [ F(1,36) = 9.71, P < .001] and cancellation task performance [ F(1,36) = 33.87, P < .0001]. The average squared canonical correlation was .64. A second discriminant analysis was carried out to further characterize older adults with good (n = 10) and poor (n = 10) performance using the same cognitive variables used in the first discriminant analysis. The two subgroups of older adults were discriminated by three variables: the number of moves in the initial trials [ F(1,14) = 5.82, P < .05], the cancellation task performance [ F(1,14) = 20.61, P < .0001], and fatigue rated during the TT task [ F(1,14) = 8.45, P < .01]. The average squared canonical correlation was .81. Older subjects performing poorly at the end of the task were therefore characterized by poor problem-solving ability and cancellation task performance, and by fatigue during the resolution of the TT task.
Discussion
This experiment yielded four main findings. (i) The older subjects exhibited a motor skill performance that was not significantly different from that of younger subjects. (ii) Their overall cognitive skill performance was impaired, but the acquisition rate was identical to that of their younger counterparts. This indicates that older and younger subjects learned at the same rate. (iii) Defective cognitive skill performance might be accounted for by problemsolving deficiency, poor sustained attention, and fatigue during the task, as well as by any cognitive impairment likely to interfere with the generation of reliable goal structures. (iv) Older subjects performed poorly in the free-recall and word-stem completion tasks. However, when a possible contamination of the indirect task performance by explicit memory was taken into account, it appeared that the completion performance of both groups was not significantly different. In the first two blocks, the young adults learned to solve the puzzle more efficiently, as indicated by the decrease in the number of moves to solution; in the second block, they were able to reliably use an optimal, or near optimal, solution, as indicated by a number of moves to solution close to 15 and the rise in the solution reliability indices. The condition for the acquisition of a routine, that is the generation of reliable goal structures, was therefore met. In the third block, the low average cognitive times per move and CTVindex, combined with the high reliability indices, indicated that a problem-solving routine had been acquired. This was confirmed by the subjects' feeling that the resolution was effortless and automatized. These results therefore confirmed previous evidence that the acquisition of a skilled TT resolution can be assessed with confidence using three blocks of eight trials (Michel et al., 1998; Peretti et al., 1997) .
With practice, older subjects improved their motor performance as measured by average motor times per move at the same rate as younger ones, indicating that motor skill performance remained intact. These results confirm those of a study on motor skill by a pursuit rotor task (Durkin et al., 1995) , and they are at variance with those of other studies (Gutman, 1965; Welford, 1985; Wright & Payne, 1985) . These discrepancies might be explained by methodological inconsistencies between studies (Durkin et al., 1995) . However, they might also reflect the fact that the TT and the pursuit rotor tasks involve different component processes. Older subjects were less routinized with practice, as indicated by their lower performance in the third block. The present study provided evidence that older subjects exhibited little or no impairment of the two stages of cognitive skill learning. Older and younger subjects learned at a similar rate, as indicated by the absence of any significant interaction between learning and groups on all performance measures. The overall performance deficit exhibited by older subjects resulted from their initially poor performance level rather than from a learning deficit. Moreover, using a principal component analysis followed by a hierarchical classification, it was possible to identify a subgroup of 10 older participants whose performance was entirely intact. These results are in agreement with those obtained by Charness and Campbell (1988) who showed that there is no age-related impairment of the two stages of Anderson's model, as assessed with an arithmetic task.
According to Anderson's model, it was predicted that cognitive factors such as poor problem solving, defective working or explicit memory, poor attention and any other factors that interfere with the generation of reliable goal structures are likely to provoke a skill learning deficiency. Two lines of evidence support these predictions. First, stepwise discriminant analyses carried out on the whole sample of subjects and on the sample of older subjects showed that subjects with poor performance in the third block were characterized by poor problem-solving ability, as assessed by efficiency in the initial trials of the TT task as in Charness' (1987) study. Performance in the initial trials of the TT task therefore predicted performance at the end of the task. Older subjects with poor performance in the third block were also characterized by poor sustained attention, as assessed by cancellation task performance, and by fatigue during the resolution of the TT task. Fatigue is likely to be both the consequence of cognitive deficiencies and their cause.
In some of the older subjects who did not acquire a problem-solving routine, the failure to generate a reliable strategy hinders any empirical assessment of knowledge compilation. Assistance provided to facilitate the generation of reliable optimal solution failed in patients suffering from severe cognitive impairments because of interference with cognitive remediation -already tested in schizophrenics (Michel et al., 1998) .
Alternatively, these age-related declines could originate because of fairly general factors such as fatigue and decrease in the speed with which many processing operations can be executed (Salthouse, 1996) . It has been suggested that problem-solving ability and working memory are impaired when lower level operations are too slow and earlier steps are lost before the relevant information can be integrated (Jones, 1956; Salthouse, 1996; Salthouse & Babcock, 1991) .
The demonstration that numerous factors interfere with skill learning is likely to account for discrepancies between skill learning investigations. They can be explained by differences either in the subjects selected or in the components underlying performance in particular tasks. Confirming previously mentioned studies, our results showed that older subjects performed poorly in such a task. However, when the role played by explicit memory was taken into account, the priming effect appeared to be not significantly different from that of younger subjects. A similar performance pattern has been described by Russo and Parkin (1993) , leading to the conclusion that such an apparently simple task as word-stem completion is not process-pure but involves different types of processes (e.g. Jacoby, Toth, & Yonelinas, 1993) . Consequently, the assumption that age-related memory impairments are confined to situations in which deliberate recollection is required, whereas memory tapped by indirect measures suffers little or no impairment (Light, 1991) , is probably an oversimplification. Our results suggest that this assumption does hold if memory is viewed in terms of processes, but not if memory is viewed in terms of performance simply indexed by direct and indirect tasks.
However, the present study is limited by the very small sample and by the higher educational level of the participants. Extending our results to an older population should be done with caution bearing in mind that there is no one single relationship between age-related cognitive decline and education (Ardila, Ostrosky-Solis, Rosselli, & Gomez, 2000) .
